Recent studies have highlighted super-enhancers (SEs) as important regulatory 20 elements for gene expression, but their intrinsic properties remain incompletely 21 characterized. Through an integrative analysis of Hi-C and ChIP-seq data, we find that a 22 significant fraction of SEs are hierarchically organized, containing both hub and non-hub 23 enhancers. Hub enhancers share similar histone marks with non-hub enhancers, but are 24 distinctly associated with cohesin and CTCF binding sites and disease-associated 25 genetic variants. Genetic ablation of hub enhancers results in profound defects in gene 26 activation and local chromatin landscape. As such, hub enhancers are the major 27 constituents responsible for SE functional and structural organization. 28 29 Keywords 30 Super-enhancer, Chromatin interaction, Hub enhancer, Hierarchy, CTCF 31 32 65 critical role for CTCF in organizing the structural (and hence functional) hierarchy of SEs. 66 67 4 Results 68 A subset of SEs contains hierarchical structure 69
Introduction

33
Enhancers are cis-acting DNA sequences that control cell-type specific gene expression 34 (Banerji, Rusconi, & Schaffner, 1981) . Super 
206
To gain insights into the function of hub enhancers, we next compared the 207 enhancer groups with genome-wide association study (GWAS)-identified disease-208 associated genetic variants. Specifically, we analyzed the enrichment of single-209 nucleotide polymorphisms (SNPs) linked to diverse phenotypic traits and diseases in the 210 GWAS catalog (Welter et al., 2014) . Whereas REs are 1.6-and 1.9-fold more enriched 211 with GWAS SNPs relative to genome background in K562 and GM12878 cells, 212 respectively, the enrichment scores for SEs are significantly higher (2.7-and 4.8-fold, 213 respectively) (Figure 4-figure supplement 2A) . The enrichment of GWAS SNPs at SEs 214 is consistent with previous studies that SEs are enriched with disease-associated 215 variants (Hnisz et al., 2013; Maurano et al., 2012) . Importantly, within SEs, hub 216 enhancers display significantly higher enrichment (6.4-and 6.8-fold) than non-hub 217 enhancers (2.5-and 4.5-fold) or REs (Figure 4D and Figure 4-figure supplement 1D) .
218
Furthermore, hub enhancers in K562 cells display the highest enrichment of GWAS 219 SNPs associated with blood traits (22.4-fold, Figure 4E,F) , indicating that hub 220 enhancers enrich for cell-type-specific diseases-associated variants. We also found the 221 hub enhancers defined by different thresholds of H-scores display similar enrichment of 222 eQTLs and GWAS SNPs (Figure 4-figure supplement 2B,C) , indicating that the 223 properties of hub enhancers are not dependent on the specific threshold of H-score.
224
Taken together, our studies demonstrate that hub enhancers within SEs are most 225 significantly enriched with genetic variants associated with diseases and cell-type-226 specific gene expression, supporting their roles in the control of cell identity and disease.
227
To test the robustness of our method, we repeated our analysis to define Since the structural organization of chromatin plays a critical role in establishing 245 enhancer activities, we then compared the regulatory potential of hub and non-hub 246 enhancers subjected to genetic perturbation. In prior work, we applied CRISPR/Cas9 247 based genome-editing to systematically dissect the functional hierarchy of an erythroid-248 specific SE controlling the SLC25A37 gene encoding the mitochondrial transporter 249 critical for iron metabolism . Following deletion of each of the three 250 constituent enhancers alone or in combination, we identified a functionally 'dominant' 251 enhancer responsible for the vast majority of enhancer activity . Of 252 note, we found that this 'dominant' enhancer is identified as a hub enhancer and 253 associated with significantly higher chromatin interactions compared to the neighboring 254 non-hub enhancers (Figure 5-figure supplement 1A) . These studies provide initial 255 evidence that hub enhancers may be more transcriptionally potent than non-hub 256 enhancers in gene activation.
257
To further establish the functional roles of hub enhancers, we performed 
277
To further interrogate the role of hub versus non-hub enhancers in SE structure 278 and function in situ, we employed CRISPR/Cas9-mediated genome engineering to 279 delete individual hub or non-hub enhancers with paired sgRNAs flanking the enhancer 280 elements at the MYO1D SE ( Figure 5F ). We observed that 3 of 5 genes within the SE- 
295
H3K4me3 and GATA1/TAL1 binding at neighboring enhancers or promoters. These 296 results demonstrate that hub enhancers are functionally more potent than neighboring 297 non-hub enhancers in directing transcriptional activation of SE-linked gene targets.
298
Taken together, our in situ genome editing analysis of multiple representative SE 299 clusters provides compelling evidence that at least a subset of SEs are composed of a 300 hierarchical structure containing hub and non-hub enhancer elements, whereby hub SE assignment provides a means to identify regulatory regions near important genes 305 that regulate cell fate (Pott & Lieb, 2015) . However, it has remained unclear how SEs 306 function and the extent to which they are distinct from more conventional enhancers. As 307 such, the challenge has been to ascribe functional features uniquely associated with 308 SEs, and account for how the activities of the constituent elements are coordinated for 309 SE function (Pott & Lieb, 2015) . Here, we have developed a systematic approach to 310 interrogate the structural hierarchy of SE constituent elements. First, we observed that 311 only a subset of SEs contains a hierarchical structure, which is consistent with previous 312 findings that SEs are intrinsically heterogeneous, with a large fraction of SEs containing 313 3 or fewer constituent elements (Pott & Lieb, 2015) . Such heterogeneity may provide one 
328
We observed that CTCF binding is highly enriched at hub enhancers compared 329 to other constituent elements. CTCF has an established role in orchestrating genome 330 structure (Phillips & Corces, 2009 ). The prevailing model posits that the primary function 331 of CTCF is to maintain the boundaries of topological domains and the insulated 332 neighborhoods . Beyond this, our results suggest that CTCF 333 plays additional, yet important, roles in organizing the structural hierarchy of SEs. We 334 speculate that hierarchical organization may be established in a step-wise manner 338 Hnisz, Weintraub, et al., 2016; Katainen et al., 2015) . Consistent with this model, we 339 found that hub-enhancer-associated CTCF sites display a significantly higher frequency 340 of somatic mutation than non-hub enhancer-associated CTCF sites. Thus, it will be 341 important to investigate chromatin interaction landscapes at both single gene and 342 genomic levels in cancer cells harboring somatic mutations in CTCF sites.
343
At present, Hi-C or ChIA-PET datasets are limited in resolution and available cell 344 types, which presents a significant challenge for further investigation of structural 345 organization within SEs across cell types and cellular conditions. However, the recent 
